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ABSTRACT
The UMR heavy-ion energy-loss spectrometer has
been modified to study the angular dependence of elastic
and inelastic scattering for 25-140 keV He+ incident
on He.

The data were obtained as energy-loss spectra
at angles from 0 to 7.3 x 10- 3 rad (c.m.) with energy-

loss resolution of 0.6 to 1.0 eV and angular resolution
of 1.2 x 10 -3 to 2.4 x 10 -3 rad (c.m.). From the spectra
we have calculated average differential cross sections,
dcr
diT(e),
for elastic scattering, direct excitation of the

individual He(n=2) states and direct excitation of the
He+(n=2) states.

By integrating the differential cross

sections we found the total cross section for excitation
of the He(n=2) states to be 20 x l0- 18 cm 2 at 25 keV
-18
2
.
(lab) decreasing to 7 x 10
em at 140 keV. At incident
3
lab energies below 100 keV the He(2 3 s) and He(2 P) states
dominate the He(n=2) structure at angles close to zero,
while the He(2 1 P) state dominates at larger angles. The
contribution of the He(2 1 s) state remains below 25% at all
angles and energies.

The results are compared with previous

measurements on this apparatus, with electron capture
measurements in the same energy range, and with results of
others at lower energies.

A comparison is also made with

impact parameter calculations and with molecular orbital

iii

calculations on the angular dependence of the excitation
cross sections.
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1
I.

INTRODUCTION

The study of atomic collisions has received a great
deal of interest in recent years, with much attention on
simple collision systems involving hydrogen and helium.
Helium is particularly well suited for experimental purposes
because it exists in the atomic state (hence there is no
need to dissociate a molecule, as in the case of hydrogen
collision studies) and is simple enough for the collision
processes to be separated and possibly understood in terms
of simple models.
A variety of methods have been employed in the study
of high energy collisions.
Thomas 1 has extensively reviewed
the recent experimental work on excitation in heavy particle
collisions, with an excellent critical analysis of the
methods and results.

At incident energies above 0.5 keV the

studies of inelastic collisions can be put into three
categories:

optical measurements typified by the work of
de Heer and his co-workers 2 ' 3 ' 4 and Head and Hughes 5 , in
which excitation cross sections may be calculated by measuring emission cross sections; measurements of the
production of metastable atoms, such as in the work of
Gilbody· et' aJ.. 6 and Miers et· a1. 7 , which yield absolute cross
sections for electron capture into excited (metastable)
states; and energy-loss spectrometry, as in the work of
8 9
10 11
Lorents· et al. '
and Barat and his co-workers
'
at low
energies

(~

3 keV) and the previous work of our group at

2

energies above 20 kev. 12 , 13

To our knowledge, all optical

measurements to date have involved states with n ·> 3; hence
except for our previous measurements, no results are available on direct excitation of the .He{n=2) or the He+{n=2)
states in He+ + He collisions at energies above 3 keV.
The present experiment is designed to study the
angular scattering in the collision processes:
He+(ls)+He{ls 2 )

+

He+(ls)+He(ls2)

+

He+{ls)+He(ls2t)

+

He+{n=2)+He{ls 2 )

This is accomplished by measuring the doubly-differential cross section {differential in angle and energy loss)
for small angle scattering of the He+ projectiles in He+ + He
collisions.

The experiment is a logical extension of our

previous work, in which only particles scattered in the
forward direction were detected and total cross sections were
calculated from the data by assuming that we could neglect
particles scattered through angles greater than the acceptance
angle of the detector.

By measuring the angular dependence

of the scattered ions we not only investigate the validity of
the above assumption, but we also provide a strong test of
theoretical calculations in this energy range.

It is possible,

and quite often true, that calculations based on different
models disagree strongly in the prediction of the angular
dependence of the scattered projectiles while agreeing fairly
well in the total cross sections; hence measurements of the

3

doubly-differential cross sections provide a better test of
the models than do total cross section measurements.
Furthermore, several interesting features show up in comparing our results with those of angular scattering
measurements at lower energies, which might lead to new
applications of existing models or to more reliable models
for collision processes in this energy range.

4

II.

EXPERIMENTAL

The energy-loss spectrometer at the University of
Missouri-Rolla and the general method employed in heavyion energy-loss spectrometry have been discussed in detail
e 1 sew h ere 14,15,16 •

s evera 1 1mprovements
.
.
were 1ncorporated

into the apparatus to make accurate angular measurements
possible.

A schematic of the apparatus is shown in Figure 1.

In the current experiment, ions produced in a low-voltage
discharge source are focused and mass analyzed by a Wien
filter.

Mass-selected ions are then accelerated and steered

through a variable-an9le collimator into a target chamber
containing the gas under study.

After traversing the

scattering chamber, the ions pass through an exit collimator
and the transmitted beam is magnetically analyzed to remove
any products of charge changing collisions.

Following the

magnet a set of movable slits may be positioned accurately
in both the vertical and horizontal planes to assist in
measuring the acceptance angle of the deceleration columnenergy analyzer system.

Ions entering the decelerator are

decelerated by a well-defined potential and analyzed by a
1270 electrostatic energy analyzer.
Spectra differential in energy loss are obtained by
increasing

~v,

the potential between the accelerator and

decelerator terminals.

Whenever the increased potential

energy compensates for a discrete energy loss of the
projectile-target system, a peak is detected in the spectrum.

5

Figure 1:

Overall Schematic Diagram of the Apparatus.
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The energy-loss scale can be determined to an accuracy of
16
+ 0.03 eV .
When measurements differential in scattering angle ·
are made, the basic technique is as discussed above except
that a series of measurements are made with different
incident-ion beam angles.

The angle at which the beam enters

the target chamber can be varied by changing the entrance
collimator angle, 8, and adjusting the voltage on two pairs
of vertical deflection plates which precede the collimator.
Figure 2 presents the details of the apparatus used for
angular measurements.

The exit collimator is rigidly

attached to the scattering-chamber block, while the
entrance collimator is pivoted so as to rotate in the
vertical plane about the center of the collision cell.

At

a given setting, 8, of the entrance collimator the deflection
voltages are adjusted to reproduce the initial beam current
in a removable cup located at the center of the collision
cell.

Then the current which is detected in the analyzer

will be due either to part of the unscattered beam which is
within the acceptance angle of the detection system or to
particles which have been scattered into the acceptance angle.
A series of measurements obtained by sweeping the energy-loss
voltage at various values of the scattering angle yields a
set of spectra from which cross sections differential in
scattering angle can be determined.
The differential cross section for a particular process

8

Figure 2:

Schematic Diagram of the Angular Apparatus.
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is given by the relation:
dcr

1

dr2p (8) = n(x)dxdn
where:

di
( 8)
. p
I

0

(x)

(1)

I 0 (x) is the current due to the primary beam incident
on an infinitesimal volume of length dx at a point x
on the beam axis;
diP(8)

is the current due to the process p which has

been scattered from dx into an infinitesimal solid
angle dn at an angle 8 with respect to the beam
axis;
n(x)

is the target gas density at the point x.

The systematic errors involved in making angular
measurements have been discussed in detail by others for
various geometries and different angular ranges 17-22 • The
errors develop from the approximations required by the
finite sizes of the measuring devices.

With these approxi-

mations Equation (1) becomes:

(6)

=

1

nL < e> ~n < e>

is the total current scattered into the solid

where:
angle

~n

at angle

e

due to process p,

L(6) is the length of the interaction region,

n is
~n(e)

the average target density, and
is the total solid angle subtended by the

detector.

11

In many cases

17-21

the experiment involves observing a

small portion of the beam in a relatively large scattering
chamber, for which the target gas density does not vary
throughout the interaction region.
the quantity

L~n

In these cases, however,

depends strongly on the angle e and the

dimensions of the apertures in the beam collimator and
detection system.

Errors may be introduced if the angular

dependence in the collision volume cannot be determined
exactly.

Another error, due also to the finite sizes of the

apertures, is in the actual scattering angle.

While the

average angle of the detector is e, the detected current
IP(e) can have components which have been scattered through
angles greater or less than

e.

If the angular scattering

function is very sharp or has sharp structure, this is a
serious source of error.
Our experiment is arranged such that variations in L
and

n

with scattering angle are negligible or can be cal-

culated.

Also, because of the small angles at which we

are working, the change in
than 1%.

~n

with scattering angle is less

Working at very small angles, however, maximizes

the errors due to uncertainty in the scattering angle which
result from the finite sizes of the apertures.
The locations and dimensions of our apertures are given
in Figure 3.

In the following discussion all quantities,

such as divergence of the beam and angular acceptance of
the detector, are given in lab coordinates, whereas the
data in the next section are given for center-of-mass

12

Figure 3:

Details of the Collimators and Defining
Apertures.
a is a square .026 x .026,
b is a horizontal slit .15 x .028,
c is a vertical slit .026

X

.18,

d is a circular hole of diameter .065,
e is a circular hole of diameter .15,
f is a square .028
~

X

.028

and h are vertical and horizontal slits

.032 x 2.5 which can be moved across the
front of the decelerator.
(All dimensions are given in em.)

13
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Figure 3
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angles.

Apertures d and e do not limit the acceptance

angles of the detection system for scattering angles less
2
than 2 x 10- radians; aperture d confines the target gas
to the scattering chamber and aperture e helps to maintain
the high vacuum in the exit collimator.

This design was

intended to simplify the problem of determining the length,
L, of the interaction region and the solid acceptance angle,
~n,

of the detection system.

The interaction region is

determined by the intersection of the beam with the interior of the collision cell and hence the length changes
by only a factor of sec
angles.

e, which is negligible at our

If aperture f, at the end of the exit collimator,

defined the acceptance angles of the detection system with
100% efficiency, i.e. if every particle which goes through
f were detected, then the average acceptance angle would
be 8.7 x 10- 4 rad in both the vertical and horizontal
planes and would not change with the angle of the incident
beam.
The true acceptance angles, however, are also dependent
on the entrance. slits in the energy analyzer and the focusing effects of the deceleration column.

We were able to

measure the effective window of the decelerator-analyzer
system by moving slits h and g across the front of the
deceleration column and measuring the current in the
analyzer as a function of the position of these slits.
Furthermore by knowing how much current was reaching these
sli~s

(as ~easured in a cup directly behind the slits) we

15

could calculate the detection efficiency across the window.
The vertical acceptance angle of the decelerator-analyzer
system, calculated in this way,varied from 0.5 x .10- 4 rad
to 5 x 10-

4

rad.

Accurate measurements in the horizontal

plane were not possible because the magnet focuses in that
plane and because the incident angle of the beam can be
changed precisely in only the vertical plane.

However

measurements of the decelerator-analyzer window and calculations of the focal length of the magnet indicate that the
4
4
horizontal acceptance angle varied from 2 x 10- to 7 x 10(It was wider than the vertical acceptance because

rad.

the entrance slits in the analyzer are horizontal.)

Thus in

all cases the true acceptance angles are smaller than those
defined by aperture f alone.
Aperture f is still important because it cuts off parts
of the decelerator-analyzer detection window from some parts
of the interaction region and hence affects the average
acceptance angles.

This effect could be determined by

numerically evaluati .ng the integral:
(L~n>eff

where:

1
=A

If

.

-+
3 rdn
e(n)~(e,a,r)d

(2)

e(n) is the efficiency across the deceleratoranalyzer window;
A is the average cross-sectional area of the interaction region;
e is the angle of the incident beam; a is the
divergence of the beam:

16

i(e,a,~)

is a weighting factor related to the

angular divergence of the beam.
The divergence of the beam in the vertical plane was
calculated by measuring the current in the collision cell
as a function of the entrance-collimator position without
changing the deflection voltages, and was less than 10- 3
rad in all cases.

The horizontal divergence was assumed

to be the same, since the apertures in the ion source and
the accelerating column are circular and hence the beam
should be circular before entering the collision cell.
This assumption was verified when the divergence was small
from calculations based on the spread of the beam measured
at slit g.
The integral in Equation (2) was carried out for
various values of e by fixing a point on the deceleratoranalyzer window and integrating over all the (weighted)
volume of the collision cell which could see that point
and then summing over all points on the window.
was found to change by less than 0.7% over our range of
angles; hence in analyzing the data we considered the
detector acceptance to remain the same at all angles of
the incident beam.
The total angular resolution is a convolution of the
acceptance angle of the detector with the divergence of
the incident beam, as illustrated by considering scattering
in the vertical plane.

If S is the vertical acceptance

angle of the detector and a is the vertical divergence of

17

the incident beam, the actual scattering angle of a
particle detected in the analyzer is known to within
+ (S+a)/2.

In order to deconvolute the true scattering
function from the measured angular dependence of I

p

(8)

one would have to know not only S and a but also the
efficiency across the detector acceptance window and the
angular distribution of the incident beam at all points
in the interaction region.

We did not attempt this

deconvolution because, while we could measure the efficiency across the detector, we could not measure the
angular distribution of the beam at all points in the
collision cell.

Nor could

~we

estimate it from the geometry

of the entrance collimator because the collimator slits do
not determine the angular distribution, as evidenced from
the fact that the maximum divergence which we measured was
less than half the maximum divergence allowed by the
collimator slits.
The convolution of the acceptance angle of the
detector with the divergence of the incident beam was
obtained by plotting [I 10 (8)]n=o' the current detected in
the analyzer as a function of incident beam angle with no
gas in the collision cell.

This measurement was consistent

with the values of the angular acceptance and beam
divergence obtained separately and hence was used to determine the angular resolution at each energy.

18

The target gas density at the center of the
collision cell, n 0
sure meter.

,

was monitored by a differential pres-

Corrections due to effusion of the target

gas through the entrance and exit apertures were made by

calculating (L)eff =

*

23
f n(x)dx from basic kinetic theory .

0

Outside the collision cell the integral contained terms due
to normal molecular flow from the orfices plus terms to account for pressure build-up in the region immediately
outside the orfices.

Inside the collision cell the integral

contained a term to account for depletion of the gas due
to molecular flow out of the orfices.

19

III.

DATA

A set of energy-loss spectra for He+ incident on He
is shown in Fig. 4.

The features at e = 0 are similar to

those of spectra obtained from the apparatus before
angular measurement modifications were made. 12

The first

peak, at 0 eV energy loss, corresponds to the initial
beam or to particles which have been elastically scattered.
The double peak between 19 eV and 22 eV is due to particles
which have undergone discrete energy losses upon exciting
the He(n=2)
21.213 eV).

states (at 19.815, 20.611, 20.959, and
The peak at 40.8 eV is due to the excitation

of the He+(n=2)

states.

Structure due to the He(n > 2)

states was observed as an unresolved peak just before the
ionization continuum, but no attempt was made to analyze
i t or the ionization continuum.

Because of the greatly

reduced beam intensity which resulted from the angular
study modifications, we were not able to accurately
measure the He+(n=3) excitation reported previously.

12

By looking carefully in the energy-loss region around
48 eV we did see the peak due to the He+(n=3)

e

= 0, but not at

e

~

2.4 x 10

-3

states at

rad (c.m.).

Many of the qualitative features of He+ + He angular
scattering in our energy range are apparent from Fig. 4.
The elastic peak (which accounts f o r more than 96% of
the total detected current at thi s target density)
decreases by more than two orders of magnitude within

20

Figure 4:

Sample Set of Energy-Loss Spectra.
The incident lab energy = 50 keV; the target
thickness is 50 mtorr-cm; the energy-loss
resolution is 0.6 eV; the angular resolution
is 2 x 10 -3 rad (c.m.). All angles are
given in units of 10- 3 rad (c.m.).

21

:~ ko•

8 = 7.3
xl0 4

lJt

_.A

10 4

.A
8= 4.9

xl0

4

lo•

ko•

8= 2.4
~

·c=
~

.0
~

~

...z

i

xl0

1

Ito•

_l:

::;)

u
0

...

w
u
w

-Elastic

...

He Excitations

~

8=0
2's
XI

~

xl0 2

,J 15, 2 3 P, 2 1P
He•(n7

~~
I

0

I

I

I

I

I

I I I
I I I I
I I I I
I I I I
40
20
30
10
(eV)
Energy Loss

I

Figure 4

22

2.4 x 10

-3

rad (c.m.).

Note tha t since the angular
resolution at this energy is 2 x 10- 3 rad (c.m.), the
spectrum obtained at 2.4 x 10- 3 rad includes contributions
from particles which have been scattered by as little as
-3
1.5 x 10
rad (c.m.). At larger angles the elastic
peak is still the predominant feature, but it is of the
same order of magnitude as the inelastic peaks.

The

shift in position of all the peaks agrees well with the
expected energy loss due to pure elastic scattering.
The most striking feature of this set of spectra is
the change in relative intensities of the He(n=2)
excitations. At e = 0 the He(2 3 s) state accounts for
more than 50% of the total He(n=2) peak, while at
e > 4.8 x 10- 3 rad it makes a very small contribution.
This is similar to energy-loss spectra obtained at 0.6
keV by Lorents et a1. 9 , who observe that initially the
2 3 s contribution decreases with increasing angle.
However they made their measurements at much larger angles
(> 2 x 10- 2 rad, c.m.) and it is clear in their data that
the contribution of the 2 3 s does not remain low, but
appears to oscillate as a function of angle.

This

feature might still hold true at our energies, but the
total signal decreases so rapidly with increasing angle
that we could not make measurements at larger angles.
The He+(n=2) excitation peak is also interesting
because of its relatively broad angular dependence.

In

23

this particular set of data it has decreased by a factor
of only 2 X 10 2 over the same angular range in which the
He(n=2) peak has decreased by a factor of 2 X 10 3 and the
elastic peak has decreased by more than 2

X

10 4 •

The expression used to extract apparent differential
cross sections from energy-loss data is given by:

~a

,

~nP<e> =

(3)

where [I p(9)]f is the final current leaving the scattering
1
chamber due to singly charged particles which have lost
energy in the interaction p and have been scattered into
the solid angle

~nat

e;

(r

>f is the final current due
10
to the elastic beam, integrated over all angles to obtain

the total beam current; n, L, and

~n

are as defined

previously.
Equation (3)
A_

where cr

c

is correct if
[(cr +cr.) c
J

(cr

ce

+a. )] << nlL,
Je

is the charge-changing cross section and a. is
J

cross section for all other inelastic processes in the
incident beam, while crce and crje are similarly defined
for the beam which has undergone energy loss due to
process p

(see Ref. 12).

In the present experiment the

target density was always low enough so that Anl<<l.

24

(In fact for processes involving only target excitation,

ace= a

c

and cr.

Je

=a., so that Anl
J

A further limitation to Eq.

=

O).

(3) is the possibility

of multiple collisions involving one energy-loss process
and one or more elastic collisions.

In this case there

could be a contribution to I 1 P(8) from particles which
have been scattered several times, leading to ambiguity
in the scattering angle of the energy-loss process.

If

the experiment is performed under "single collision"
conditions, Eq.

(3) is exact; however, it is difficult to

define single collision conditions for elastic scattering
since multiple collisions through very small angles
cannot be separated from the incident beam.
practical criterion we measured

~e

cre(8>~),

As a

the cross section

for elastic scattering through angles greater than
where

~e

~8/2,

is the angular resolution of the apparatus in

With this definition for a e the
approximation e-cre nL : 1-cre nL was correct to within 1%
the vertical plane.

at all our target densities, indicating that for
practical purposes the single collision criterion was met.
The current (I p(8))f is proportional to the integral
1
of the corresponding peak in the energy-loss spectrum
obtained at the angle

e.

The method of taking data

insures that the efficiency of the detection system is
15
identical for all energy- loss processes.
Furthermore
(see Section II) the detection efficiency changes
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negligibly with angle; hence the ratio of any two peaks,
even at different angles, is equal to the ratio of the
corresponding currents.
The data for each spectrum were obtained as pairs of
energy loss vs. current punched on paper tape and the
required integrals under the peaks in the energy-loss
spectrum were evaluated numerically.

Since the peak due

to the He+(ri•2) excitation is superimposed on the target
ionization continuum, the current due to this process
was calculated by first fitting the background points on
either side of the peak to a quadratic function and then
subtracting the integral of this function from the total
integral over the region of the peak.
In this manner sets of angular data were derived

~ as

pairs of current (integrated over the appropriate energy
loss) vs. angle for each process.

Because of the

rectangular nature of the beam collimators and analyzer
apertures, each value of [I 1 P(e)]f represents current
scattered into a rectangular solid angle with vertical
height

~e,

centered at

e.

In order to increase the

accuracy of our cross sections at small angles, we
divided the detection region into concentric rings of
width

~e,

with a central circle of diameter

~e.

Then

from the data we calculated the average current detected
per solid angle, J

p

(9.), at each ring.

current densities Eq.

1

(3)

becomes

In terms of these
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( 4)

and can be interpreted to give the differential cross
do
.
1 e.---2
D. e to
section, ~ (8) averaged over th e lnterva
l.
~e

The current scattered into each ring can be

8 i+2.

calculated by multiplying the current density of the ring
times the solid angle subtended by the ring, and the total
current can be found by adding up the currents in all the
rings.

Note that this is equivalent to integrating

era

~(8) over all angles.

Average differential cross sections evaluated with
Eq.

(4) are given in Table I for all the energies we

studied.

(The cross sections and angles are given in

center-0~-mass

coordinates, in which the angle

is twice

the lab angle and the differential cross section is 1/4
the lab cross section.)

The data were actually obtained

at smaller angular spacings than indicated in the table,
particularly close to 8 = 0.

The limits given with the

angles indicate the total angular resolution at each
energy and the limit given with each cross section is
the standard deviation of all the spectra taken at the
corresponding angle and energy.

The data has large

uncertainty at large angles, where the signal-to-noise
ratio

was at the limit of the apparatus.

+

The He (n=2)

data has the most uncertainty because it was always the
smallest peak measured.

TABLE I.

c.m. a
(lo-3 rad)

e

Average Differential Cross ~ections (c.m.) for the
Three Major Peaks in the He +He Energy-Loss Spectra.

Ela~tic Peaka

(em /sr)

He(n=2) Peaka
(cm2jsr)

He+(n=2) Peaka
(cm2 /sr)

Incident Energy = 25 keV (lab
(8.8+1.3)E-13

(7.1±_2.5)E-14

(1.8+0.6)E-12

(2.1+0.5)E-13

(8.7±_8.5)E-15

(8.3+6.0)E-14

(5.8+2.3)E-14

(3.3+7.4)E-15

(0.9+2.0)E-14

(2.8+l.l)E-14

(1.0:!:_6.0)E-15

0.6 + 0.6
2.4 + 1.2

7.3 + 1.2

Incident Energy = 30 keV (lab)
0.4 + 0.4

(1.4+0.l)E-12

(1.0+0.2)E-13

1.5 + 0.7

(3.0+l.l)E-ll

(6.8+1.1)E-13

(4,8+2,0)E-14

2. 9' + 0. 7

(9. 8+2. 0 l E-13

( 2 • 2+0 ,. 4 }_E -13

(1. 6iO. 9) E-14

4.4 + 0.7

(1 •.0+0. 3) E-13

(6.3+1.2)E-14

(6.5+8.0)E-15

5.·8 + 0. 7

(1.6+1.0)E-14

(2.1+0.5)E-14

(2.9+6.0)E-15

7.3 + 0.7

(2.8+5.0)E-14

(7 .-9+4. 0) E-15

(1.7+5.0)E-15
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TABLE I (continued)

a
(lo-3 rad)

e

c .m.

Elastic Peaka
(cm2/sr)

He(n=2) Peak a
(cm2/sr)

He+(n=2) Peaka
(cm2jsr)

Incident Energy = 40 keV (lab)
0.6 + 0.6

(1.8+0.6)E-12

(9.3:t_2.5)E-14

2.4 + 1.2

(7.3+3.5)E-13

(2.3:t_0.5)E-13

(2.6+l.l)E-14

4. 9" + 1. 2

(1.6+0.9)E-14

(2.0+1.0)E-14

( 4 .-6+ 2. 5) E-15

7.3 + 1.2

(3 ."5+3. 0) E-15

(4.4+2.4)E-15

(1.7+1.2)E-15

Incident Energy = 50 keV (lab)
0.5 + 0.5

(2.0+0.2)E-12

(2.3+0.4)E-13

-

1.9 + 1.0

(1.-4+0. 6 JE-12

(2. 9+0. 7} E-13

(5.6+1.7}E-14

3.9 + 1.0

(4.7+1.2}E-14

(2 .3t0. 7) E-14

(l.l:t_0.4)E-14

5.8 + 1.0

(8.2+4.0)E-15

(3.1+1.2)E-15

(2.4+1.2)E-15
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TABLE I (continued)

c.m. a
(lo-3 rad)

e

Elastic Peaka
(cm2/sr)

He(n=2) Peak a
(cm2 /sr)

He+(n=2) Peaka
(cm2/sr)

Incident Energy = 70 keV (lab)
0.5 + 0.5

-

(3 .-O+O. 6) E-12

(6.7+2.7)E-13

1.9 + 1.0

-

(1. 5+1.1) E-12

(1. 7+1.1)E-13 .

(2.7+2.0)E-14

3.9 + 1.0

(2.2+1.9)E-14

(4.8+5.0)E-15

(4.3+3.9)E-15

1.0

(5 .-4+6. 0) E-15

<1. ·o+ 2. o) E-15

(2.6+2.0)E-15

5.8

-+

Incident Energy = 80 keV (lab)
0.4 + 0.4

(2.4:!:,0.4)E-12

(5.8:!:,0.9)E-13

1.7 + 0.8

(1.4:!:_0.6)E-12

(2.6:!:_0.9)E-13

(4.6+2.4)E-14

3.4 + 0.8

(3.4+1.8)E-14

(1.3:!:,0.8)E-14

(6.9+5.2)E-15

5.1 + 0.8

(1.3:!:_0.9)E-14

(1.8:!:_1.3)E-15

(3.0+2.8)E-15

Incident Energy = 100 keV (lab)
0. 4• + 0. 4

(2.6+0.3)E-12

(6.5:!:_l.O)E-13
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TABLE I (continued)

e c.m. a

(lo-3 rad)

He(n=2) Peak a
(.cm2/s.r )

Elastic P.eaka
(cm2 /s.r}
Incident Energy

=

He+(n=2) Peaka
(cm2/sr}

100 keV (lab) (continued)

1. 7' + 0. 8

(1.5+0.7)E-12

(1 •·g+0 • 5 ) E -13

(3.-6tl.3)E-14

3.4 + 0.8

(1.4+0.4)E-14

(5.1+1.3)E-15

(3.1+1.4)E-15

5.1 + 0.8

(4.6+3.0)E-15

c7 • ·9+s • o) E -16

(1.1+0.6)E-15

Incident Energy
0.3 + 0.3

= 120

keV (lab)

(4.4:t_0.7)E-12

(9.8+l.O)E-13

1.2 + 0.6

(4.4+2.5)E-12

(2.3+0.6)E-13

(7.8:t_3.5)E-14

2.4 + 0.6

(5.1+4.0)E-14

(2.1+l.O)E-14

(4.1+3.0)E-15

Incident Energy = 140 keV (lab)
0.2 + 0.2

(9.6+0.9)E-12

(2.0+0.2)E-12

0.8 + 0.4

(1.3+0.9)E-ll

(5.7+2.0)E-13

(1.2+l.l)E-13

1.7 + 0.4

(1.0+1.3)E-13

(2.2+1.0)E-14

(2.4+5.0)E-15
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TABLE I (continued)

aLimits on the angle denote the angular resolution; limits on the
differential cross sections denote the standard deviations in the data.
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Plots of

~~(8)

at 50 keV are given in Fig. 5 for

the elastic, He(n=2), and He + (n=2) peaks.

Vertical error

bars are not shown, since the error in the measurements
can be obtained from the deviations given in Table I and
the discussion of systematic errors in Section IV.
oscillatory behavior exhibited by

The

g~(8) at lower energiesS-ll

is not evident in our data, but one could hardly expect
to see it since the available angular resolution and the
overall sharp decrease in the cross section with angle
make it difficult to observe detailed structure.

Of

particular interest is the relative flatness of the
excitation cross sections compared to the elastic
scattering cross section.

This indicates that, at least

in He+~He collisions, the angular dependence of the
excitation processes cannot be estimated from total
scattering measurements which do not distinguish between
the scattered ions.
At other energies the plots of

~~(8)

are similar to

those in Fig. 5, except that the curves become steeper as
the energy is increased.

For the He(n=2) peak, for example,

plots of Ocr
dn(8) at various energies come together near
8=10- 3 rad (c.m.) but the 120 keV plot decreases with angle
more than twice as fast as the 30 keV plot.

Furthermore,

while there appears to be some curvature in the plots, one
could draw straight lines (on a semi-log plot) through the
error bars of most of the data for a given peak at a given
energy.
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Figure 5:

Average Differential Cross Sections for the
Three Major Peaks in the He+ + He Spectrum
at 50 kev Incident Lab Energy.
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50 keV

Elastic

.

'

E

0

9 c.m.
Figure 5

(I0- 3 rad)
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Further analysis of the He(n=2) peak was carried out
by a curve-fitting technique designed to estimate the
contribution of each state to the total He(n=2) excitation. 24
This involved superimposing the shape of the elastic peak
at the expected location of each state in the energy-loss
spectrum and, by a least-squares fit, finding the height
of the peak at each location such that the sum of the four
peaks best reproduced the data.

While this procedure
gave quite reliable results for the He(2 3 s) state, there

were often large fluctuations in the results for the other
three states.
Differential cross sections calculated from the
results of the curve-fitting technique are given in Table
II for each He(n=2) state.

At 140 keV, and partly at

some of the other high energies, the amount of scattering
at non-zero angles was so small that the signal-to-noise
ratio made the curve-fitting technique reliable only at
angles close to
140 keV.

e

= 0; hence no results are given for

The numbers in the table were obtained by

multiplying the average fractional contribution of each
state by the differential cross section given in Table
for the total He(n=2) peak.

I

The limits were obtained from

the standard deviations in the cross section and the standard
deviations in the fractions; e.g.,
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TABLE II.

a c.m. a

(lo-3 rad)

Average Differential Cross Sections (c.m.) for the four States
Contributing to the He(n=2) Peak.

He(2 3P)a
(cm2/sr)

He{2 1s)a
(cm2 /sr)

He(2 3s)a
(cm2/sr)

Incident Energy

=

25 keV (lab)

0.6 + 0.6

(2.5+0.8)E-13

(0.4+.5)E-13

2.4

1.2

{2.5:!:_1.9)E-14

1.2
1.2

4.9
7.3

-+
-+
-+

He(2 1P)a
(cm2/sr)

. (4.2+1.6)E-13

(1.8+1.0)E-13

(4.6+3.2)E-14

(4.0+4.8)E-14

(9.5:!:_5.6)E-14

(0.6+0.7)E-14

(1 •.2+1. 2) E-14

(0.6+1.8)E-14

{3.5+3.3)E.-14

(0.2+0.6)E-14

(0 _.6+0. 9) E-14

(0.6+1.8)E-14

{1.5+2.3)E-14

Incident Energy

=

30 keV (lab)

0.4 + 0.4

-

(4.3+0.8)E-13

(1.3:!:_0.7)E-13

(7.7+2.0)E-13

(O.?+l.O)E-13

1.5 + 0.7

(1.6+0.6)E-13

{0.6+0.5)E-13

{4.1+1.6)E-13

(0.5+0.9)E-13

2. 9• + 0. 7

-

(0;2+0.1}E-13

(0.3+0.2)E-13

(0.6+0.3)E~l3

(1.1+0.5)E-13

4.4 + 0.7

-

(0.5+0.4)E-14

(1.5+1.0)E-14

(0.6±_0.6)E-14

(3.7+1.8)E-14

5.9 + 0.7

(0.2+0.2)E-14

(0.5+0.4)E-14

(0.1+0.3)E-14

(1.3+0.8)E-14

7.3

(0.8:!:_1.3)E-15

(1.3+1.7)E-15

(0.3±_1.9)E-15

(5.3+5.6)E-15

-+

0.7
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TABLE II . (continued)

a c.m. a

(lo-3 rad)

He(2 3 s)a
(cm2/sr)

He(2 3P)a
(cm2/sr)

He(2 1s)a
(cm2 /sr)
Incident Energy

=

He(2 1 P)a
(cm2/sr)

40 keV (lab)

0.6 + 0.6

(8.8+3.7)E-13

(5.4+9.0)E-14

(7.4+4.6)E-13

(1.8+2.3)E-13

2.4 + 1.2

-

(3.9+3.6)E-14

(3.9+3.5)E-14

(5.3+5.3)E-14

(9.7+7.7)E-14

4.9 + 1.2

(2.2:!:,5.0)E-15

(3.8:!:,6.7)E-15

(3.6:!:,9.9)E-15

(l.O+l.l)E-14

Incident Energy

=

50 keV (lab)

0.5 + 0.5

(12+3)E-13

(0.8:!:,1.4)E-13

(5.6+2.l)E-13

(2.4:!:,2.0)E-13

1.9 + 1.0

-

(8.1+4.l)E-14

(4.9+5.9)E-14

(6.7+8.l)E-14

(9.3+9.l)E-14

3.9 + 1.0

-

(2.1+2.l)E-15

(4.6+5.6)E-15

(4.6+6.8)E-15

(12+10)E-15

5.8 + 1.0

(0.2+0.3)E-15

(0.6+0.9)E-15

(0.5+1.3)E-15

(2.0+2.3)E-15

-

-

Incident Energy

=

70 keV (lab)

0.5 + 0.5

-

(1.7+0.5)E-12

(0.2+0.l)E-12

(0.6:!:_0.4)E-12

(0.5:!:,0.4}E-12

1.9 + 1.0

-

(6.3+6.3}E-14

(0.7+3.8)E-14

(6.8+8.6)E-14

(2.9:!:,4.4}E-14

3. 9" + 1. 0

(0.6+1.4)E-15

(1.4+4.9)E-15

(1.0+3.0)E-15

(1.6+5.4)E-15

-
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TABLE II {continued)

e c.m. a

(lo-3 rad)

He(2 3s)a
(cm2 /sr)

He(2 3P)a
(cm2jsr)

He(2 1s)a
(cm2/srJ
Incident Energy

=

He(2 1P)a
(cm2jsr)

80 keV (lab)

0.4 + 0.4

(13+3)E-13

(3.4:!:2.2)E-13

(3.4+2.8)E-13

(4.8+2.8)E-13

1.7 + 0.8

(9.9+5.9)E-14

(2.3+3.3)E-14

(8.3+8.l)E-14

(5.7+6.2)E-14

3.4 + 0.8

(2.9+4.3)E-15

(0.9+2.7)E-15

(3.9+7.6)E-15

(6.0:!:_12.l)E-15

-

-

Incident Energy

= 100

keV (lab)

0.4 + 0.4

(11:!:2)E-13

(3.9:!:_2.2)E-13

(4.4+2.5)E-13

(7.0:!:_3.4)E-13

1.7 + 0.8

(7.8+4.0)E-14

(1.3+1.6)E-14

(5.7+4.4)E-14

(4.8+3.2)E-14

0.8

(1.6+l.l)E-15

(0.9+1.0)E-15

(1.5+2.4)E-15

(1.0:!:_2.0)E-15

-

3.4

-+

Incident Energy

= 120

keV (lab)

0.3' + 0.3

(1.2+0.3)E-12

(l.l+O.S)E-12

(0.2+0.4)E-12

(1.9+0.8)E-12

1.2 + 0.6

(8.5+4.0)E-14

(3.9+2.5)E-14

(3.9+3.9)E-14

(7.4+7.7)E-14

-

aLimits on the angles denote the angular resolution; limits on the differential
cross sections denote the standard deviations in the data.
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=

f

dcr
where

a
a

~

He(2 3 s)

is the average differential cross section for the
dcr
state, ~(e)
· th e average d.ff
· 1 cross
a~t
1s
1 erent1a

section for the total He(n=2) peak, and f a is the
fractional contribution of the He(2 3 s) state to the
total He(n=2) peak.

All terms in the expression for the

deviation were kept because sometimes the standard
deviations were larger than the average values and hence
their product was the largest term.
The total cross section for any process is, by
definition, given by:

a

P

= f

4rr

dcr
~(S)dn

rr

=

[

0

. dcr

2rrsine~(8)de

and can be obtained by performing the summation with the

era

average values of ~(8) given in Tables I and II.

This

is not the ideal method for obtaining total cross sections,
since it depends strongly on precise evaluation of the
angular resolution of the apparatus (in order to obtain

era

good values of ~(8i) and

~ (lei)

and since the summation

should be carried out to include all possible scattering
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angles.

(A better method would be to simply detect all

of the scattered current in one spectrum; i.e. to have
the angular acceptance large enough to detect essentially
all of the scattered beam.)

Nevertheless our total cross

sections calculated in this manner probably have systematic
errors of less than 35% in most cases.

(See Section IV.)

Figures 6-11 are plots of the total excitation cross
sections for the individual He(n=2) states as well as for the
He(n=2) peak and the He + (n=2) peak.
each case is the

s:ta:nda~d

The vertical bar in

deviation in the data, obtained

by integrating the deviations in the differential cross
sections at all the angles; the total error can be estimated
from these deviations and the systematic errors discussed
in Section IV.

Because the angular resolution depends

strongly on the incident energy, the effects of the
systematic errors due to uncertainty in the angular
resolution also depend on the energy; i.e., at one energy
our measurements may be too high because of these errors
and at another energy they may be too low.

Hence this

uncertainty may affect the shapes of the total cross
section curves as well as the absolute magnitudes.
Also shown are impact parameter calculations of
3
Sural et a1. 25 for direct excitation of the He(2 s) and
9
He(2 1 s) states and the measurement of Lorents et al.
at 0.6 keV for the He(2 3 S) state. The value of Lorents
et al. does not appear to fit on a smooth extrapolation
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Figure 6:

Total Cross Sections for Excitation of the
He(2 3 S) State.
The starred point is the measurement of
Lo~ents

et al.

(ref.9), the solid curve is

the calculation of Sural et al.

(ref.25), and

the triangles are the present data.
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Figure 7:

Total Cross Sections for Excitation of the
He(2 1 S) State.
The solid line is the calculation of Sural
et al.

(ref.25) and the triangles are the

present data.

The circled points may be too

low due to scattering outside of our angular
range (See Section IV) .
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Figure 8:

Total Cross Sections for Excitation of the
He(2 3 P) State.
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Figure 9:

Total Cross Sections for Excitation of the

He(2~P) State.
The circled points may be too low due to
scattering outside of our angular range
(See Section IV) •
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Figure 10:

Total Cross Sections for the He(n=2)
Excitation Peak.
The circled points may be too low due
to scattering outside of our angular
range (See Section IV) •
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Figure 11:

Total Cross Sections for the He+(n=2)
Excitation Peak.
The circled points may be too low due to
scattering outside of our angular range
(See Section IV) .
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of our data.

The apparent discrepancy may be due to a

change in the excitation mechanism, causing the He(2 3 s)
state to dominate again at lower energies, or it may be
due to systematic errors in the measurements which cause
our values to be too low and/or their value too high.
This is consistent with the theoretical results of Sural
et al., which are higher than most of our data but lower
than the measurement of Lorents et al.

Of course there

may not be a real discrepancy between the measurements,
since the values agree within the combined error bars and
the apparent shape in our data may be misleading.
Attempts to compare with low energy measurements by
other groups are difficult because the results are often
given in arbitrary units or else the quantities measured,
such as emission cross sections for the excited target
are difficult to evaluate in terms of total excitation
cross sections.

One can compare, however, with previous

measurements

(which prompted the present investigation)
by Schoonover and Park 12 ' 13 using the U.M.R. energy-loss
spectrometer before angular studies were possible.

In

these measurements only the forward-scattered components
were detected and the results were given as total cross
sections by assuming that scattering out of the angular
acceptance of the apparatus was negligible, whereas the
present experiments indicate that angular scattering is
significant.

Most of the previous results are nevertheless
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within the error bars at incident energies above 40 keV,
due presumably to the sharp decrease with angle of the
inelastic peaks at high energies.
angular acceptance decreases

At lower energies the

(although the divergence of

the incident beam increases) but the angular scattering
is greater and a significant portion of the inelastic
beam is lost in straight-through measurements.

While

the present method of measur1ng total cross sections is
not the best, it does indicate that some of the previous
work at 20 and 30 keV may have been in error by a factor
of five or more.

It is interesting that if the present

measurements are analyzed in the same manner (i.e. if
only the currents detected at
the cross

~ections)

e =

0 are used to calculate

the results agree very well with

Schoonover's measurements, although the geometries of
both the scattering chamber and the ion source are quite
different.
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IV.

ERROR ANALYSIS

The target gas pressure was monitored by an MKS
26
Baratron
Type 77H capacitance manometer with a Type
77Hl pressure head which had recently been recalibrated
by the manufacturer.

Systematic errors inherent in this

type of pressure measurement are due primarily to possible
non-linearity in extrapolating the calibration, which is
usually done with deadweight testors at pressures of
0.5 to 5 torr, down to low-pressure regions.

From the

manufacturer's literature we estimate that at our pressures
(20-100 mtorr) the total systematic error in the pressure
measurements was less than 5%.

Random error due to

fluctuations in pressure was reduced to less than 0.5%
by recording the pressure on punched tape simultaneously
with the current-energy-loss data and correcting each
datum point by the actual pressure recorded with the point.
The temperature of the target gas was taken to be
that of the collision cell, which was measured to within
0.5%.
As mentioned in Section II, the effective length of
the collision region was calculated by integrating ndx
along the beam path to compensate for effusion of gas through
the apertures of the collision cell.

This resulted in a

+3% correction, which was taken into account in designing
the collision cell by making the actual length (from knife
edge to knife edge of the apertures) 0.97 em instead of
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exactly 1.0 em.

The errors in this correction, as well

as in measuring the collision cell, contribute less than
1% error to the effective length of the collision cell.
The largest source of systematic error, and the one
most difficult to analyze, is the determination of the
angular resolution of the apparatus.

In evaluating the

current densities, Jp (8i) in Equation (4), we assumed that
all of the current we detected had been scattered through
well defined angles, whereas in fact the angular resolution is not so sharply defined,
possible that at any angle

e

(See Section II).

It was

we detected particles scattered

through angles smaller or larger than e +

~e
:r

and, although

the detection efficiency for such particles was low, this
possibility introduces a substantial source of error in
cases where the angular scattering function is very sharp,
as with the elastic peak.

In these cases the observed shape

of the differential cross section may be much broader than
the true shape because we measure a weighted average over
a relatively wide angular region and we do not know the
angular distribution of the incident beam,
to the weighting factors.

~hich

contributes

If all processes had similar

angular dependence, this error would tend to cancel out in
measuring total cross sections because the method used to
integrate ~~ (8) is identical to that used for obtaining the
total elastic current,

(I 10 )f, which appears in the

denominator of Equation (4).

However for cases such as the
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He(2

.l

P)

state, where the angular scattering is not as

sharp as for the elastic peak, the absolute magnitude of
the differential cross section may have large errors.
In these cases the shape of the differential cross section
curves is more reliable.
By assuming various values of the angular resolution
(other than those obtained from measurements of r 10 (e) with
no gas in the collision cell) we were able to estimate the
effect of errors in the angular resolution.

A

variation of

+ 50% in the rectangular solid angle used in the calculations
of Jp (6i) affected the differential cross sections by less
than 25%.

Furthermore the shape of do (6) was approximately
dfi

the same in all cases, indicating that the error in estimating
the angular resolution primarily affects the absolute magnitude of our measurements.

Hence the total systematic error

in the absolute magnitude of our measurements due to errors
in n, L, and the angular resolution is probably less than
35%.
Some of the total cross sections we calculated are
too low if scattering outside of our largest angles is not
negligible.

The discrepancy can be checked out and a

correction can be made by extrapolating the data to larger
angles and analytically calculating the contribution from
these angles.

The correction appeared to be negligible

in the present experiment, except at 25 and 30 keV.

The

total cross sections given in Figures 6-11 do not include
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the corrections at 25 and 30 keV because that would involve
extrapolating data which have large amounts of scatter and
hence would not be very reliable; however, we estimate
that at 25 keV the contribution from large angles to the
total He(n=2) cross section may be 10-100% of the value
given in Figure 10, while at 30 keV it is probably no more
than 10 %. This affects primarily the He(2 1 P) and He(2 1 s)
states, since the other · two states appear to decrease
rapidly with increasing angle at these energies. The
.
.
+
same correct~on appears to be necessary for the He (n=2)
peak, for which we estimate that the contribution from
larger angles may add 20-100% at 25 keV and 10-30% at 30 keV.
The errors in measuring e, the average angle of the
incident beam, occur in reading the micrometer screw which
determines the position of the entrance collimator, in
aligning the beam with the collimator, and in determining
the true zero angle of the incident beam with respect to the
detection system.

These errors were minimized by moving

the collimator after the beam had been maximized in the
collision cell to make sure that the angle of the beam was
the ::angle of the collimator and by taking data at both
positive and negative values of the micrometer setting in
order to locate the true zero angle.

We estimate that the
4
maximum error in the angle e is~ 1.5 x 10- rad (c.m.).
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V.

DISCUSSION

At angles much larger than ours (~2°, c.m.)
Everhart
18
and his co-workers
have measured total scattering in
He++He collisions at energies of 25 to 100 keV and found
that the differential cross section for scattering of
all projectiles (i.e., scattering of projectiles which have
undergone charge exchange as well as elastically and
inelastically scatteredr'He+) can be fit very well by the
Rutherford scattering formula.

Our differential cross

sections for the sum of the three peaks (elastic, He(n=2)
and He+(n=2) peaks) are lower -than the predictions of
the Rutherford scattering formula by at least an order of
magnitude.

This is partly due to the fact that the

current we detect at each angle is only a fraction (probably
10 to 50%) of the total current due to particles scattered
at that angle.

Furthermore one should probably not expect

our data to fit the Rutherford scattering formula because
particles scattered through our small angles correspond
to relatively large impact parameters, for which electron
screening is not negligible.

The inclusion of electron

screening (by either reducing the effective nuclear
charges,

z1

and

z2 ,

of the target and projectile or by

introducing an exponentail screening term) would lower the
value of dcr(e) in a classical calculation, perhaps enough
dn

to agree with our data.

However, our angles extend below

the range of validity given by Everhart et al.

27

for
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classical calculations, so that even a classical approach
containing electron screening cannot be expected to fit
our data.
The closest experimental values in this energy range
with which we can compare are measurements of electron
capture into excited states by Gilbody et a1., 6 who report
the total cross section for electron capture into the
metastable states of He(i.e. the 2 1 s, 2 3 s and 2 3 P states
and some states with n>2) with estimates of the contribution
from states with n>2.

Their results agree well within the

combined error bars with the sum of our total cross sections
for the He(2 1 s, 2 3 s and 2 3 P) states at energies up to
40 keV.

Above 50 keV their results are consist ently

higher, which implies that at these energies the cross
section for capture into the excited states is greater than
the cross section for direct excitation.

According to the
impact parameter calculations of Sural et a1. 25 the total
cross sections for electron capture into the He(2 1 s and
2 3 s) states are nearly identical to the cross sections for
direct excitation into these states at energies below 40 keV.
The agreement of our work with that of Gilbody et al. below
50 keV _is ·consistent with this prediction.
The difference between our total cross sections and
3
the calculations of Sural et al. for the He(2 S) and
He(21S) states (see Figs. 6 and 7) is difficult to explain.
It seems likely that their results are too high in the

61

1
case of the He(2 s) state, since they indicate
1
40 keV the He(2 s) excitation cross section is
3
than the He(2 s) cross section, while our data
3
that the He(2 S) state is the dominant feature
to 100 keV.

that at
larger
indicate
from 40 keV

This discrepancy may be due to an inherent

failure in their method of calculation or it may be due to
an unusually large amount of scattering outside of our
angular range for the He(2 1 s) state, which would make our
total cross section measurements incomplete.
appears more likely for two reasons.
'

et ~ al.

The former

The results of Sural

.
for electron capture 1nto
the He ( 2 3 S and 2 1 S )

states agree well with measurements of Gilbody et a1. 6 on
3
electron capture into the He(2 3 s, 2 1 s, and 2 P) states,
3
indicating that either the contribution of the He(2 P)
state is negligible in electron capture processes,
or else the calculations or Sural et al. are too high.
Furthermore Sural et al. give plots of excitation
probabilities vs. impact parameter which indicate
that at large impact parameters the probability of
exciting the He(2 1 S) state is more than twice as
large (at 40 keV) as the probability of exciting the
He(2 3 s) state.

This is contrary to our observations,

since sets of spectra such as that shown in Fig. 4 indicate
that at small angles (large impact parameters) the
contribution of the He{2 3 S) state is almost as large (at
3
1
50 keV) as the contributions of the He(2 s, 2 P, and
2 1 P) states together.

In fact, the general features of the
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excitation probability vs. impact parameter plots given
by Sural et al. disagree with the results of our curvefitting process at any energy, illustrating that it is
possible for a theoretical calculation to disagree with an
experiment on differential cross sections, but give
reasonable agreement on total cross sections.
Figures 12-15 show smoothed-out plots of the results
of our curve-fitting process for finding the contribution
of each He(n=2) state to the total He(n=2) peak.

The

data are given as fractional contributions vs. E8
in order to illustrate the relative behavior of each
.
10 11 28 29
'
'
state. The nreduced anglen, E8, 1s often used '
rather than

e

alone because many phenomena in angular

scattering appear to depend on the impact parameter,
which is related to E8.

While there are large uncertainties

in some of the contributions., the trends illustrated
in the figures were generally observed in all . our data:
a,} · He·(2·3s).
The 2 3 s state definitely dominates the
He(n=2) structure at energies from 40 keV to 100 keV.
At all energies up to 100 keV its fractional contribution
decreases sharply with angle.

At 100 keV it contributes

more than 30% to the He(n=2) peak at all angles, while
at 120 keV and 140 keV the fractional contribution
of the 2 3 s state actually increases with increasing angle.
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Figure 12.

Fractional Contribution of the He(2 3 s) State
to the He(n=2) Excitation Peak.

64

.6

.4
U)

c:
0
-t-

o
c

.t .2

2

4
T= E8
Figure 12

6

8

(keV-deg)

10

65

Figure 13.

Fractional Contribution of the He(2 1 s) State
to the He(n=2) Excitation Peak.
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Figure 14.

3
Fractional Contribution of the He(2 P) State
to the He1n=2) Excitation Peak.
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Figure 15.

Fractional Contribution of the He(2 1 P) State
to the He(n=2) Excitation Peak.
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b) He(2 1 S).

The 2 1 s state never contributes more

than 25%, so there is more uncertainty in its shape
because the fitting technique is less reliable in finding
small contributions.

Nevertheless the shape of the 25 keV

and 50 keV curves is typical of all our observations in that
energy range; i.e. the contribution is less than 8% at

e

= 0 and increases to approximately 20% at larger angles.

There appears to be an abrupt change at 70 keV, above
which the 2 1 s contribution is 15 to 20% at e = 0.
c) He(2 3 P). The 2 3 P state exhibits similar angular
dependence to that of the 2 3 s except that the change in
3
shape occurs much sooner. While the 2 s contribution did
not flatten out until 100 keV, the contribution of the
2 3 P is relatively uniform at 50 keV and is definitely
increasing with angle at higher energies.
d) He(2 1 P). The 2 1 P state could almost be considered
the complement of the 2 3 s state, since its contribution
is sharply increasing with angle at every energy where
the 2 3 s contribution decreases with angle.
The oscillations with angle and/or energy which receive
a great deal of attention not only in studies of target
excitations but also in elastic scattering and charge
exchange studies, cannot be observed in our data.

It is

possible that some of the angular dependence shown in
Figures 12-15 for the fractional contributions of the
He(n=2) states is really due to oscillatory behavior of the
He(n=2) states and that our data simply does not extend

72

far enough in angle to show the oscillations.

If this is

the case, the interval of the first oscillation appears to
be on the order of 0.2-0.4 degrees (c.m.).
It appears more likely, however, that the differences
in relative angular dependence which we observed are
related to the differences in excitation mechanisms.
28
McCarroll and Piacentini
made detailed calculations on
the effects of rotational coupling at energies of 0.6-3.0
keV and, while they do not claim that their methods can
be extended to higher energies, some of their predictions
agree strikingly well with our observations.

They

investigated He++He collisions using a molecular expansion
based on electron correlation diagrams such as those
discussed by Lichten 30 , 31 • The main feature of their
discussion as applied to our case is that radial coupling
between r-r molecular states is expected to dominate at
small values of T=E8

(corresponding to large impact

parameters) while rotational coupling between L-IT states
should be dominant for T

By a straightforward
32
11
application of the electron promotion model
, Barat et a1.
>

3 keV-deg.

constructed a correlation diagram for the He++He system
which indicates that the only states of interest in our
case which can be excited by rotational coupling are the
He(2 1 P and 2 3 P) states and the He+(2P) states.

Hence they

expect these states to dominate the He++He energy-loss
+
spectra at large angl~s. We cannot separate the He (n=2)
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states, but the relatively wide angular dependence which we
observed in the He+(n=2) peak and our failure to see any

.

.

+

exc1tat1on of the He (n=3) states at non-zero angles are
consistent with their prediction.

The dramatic increase

with angle (at energies below 80 keV) in the fractional
contribution of the He(2 1 P) state and the decrease in
3
the contribution of the He(2 s) state (see Figs. 12 and 15)
are again in good agreement with the prediction that
rotational coupling dominates at large angles while radial
coupling is important only close to

e

=

o.

The only

apparent discrepancy is in the angular dependence of the
3
He(2 P) state and the He(2 1 s) state, which appear to differ
markedly from the He(2 1 P) state and the He(2 3 s) state,
respectively.

The electron promotion modei 32 does not

distinguish between singlet and triplet states.

McCarroll
and Piacentini include separate terms for the He(2 3 P)

and the He(2 1 P) states in their calculations, but their
results are given for the two states together.

They do

point out that the He(2P) states can also be excited
by radial coupling, but that this effect should reach a
maximum at T : 0.6 keV-deg.
It may be that this mechanism
(a 2 E- 2 E electronic transition at internuclear separation
R :

3
2a ) accounts primarily for the large He(2 P)
0

excitation which we observed at small values of E8, while
the rotational transitions are associated primarily with
the He(2 1 P) state and the He+(n=2) excitations.

This
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interpretation implies that radial coupling is not as
strong for singlet excitations as for triplet excitations
(possibly due to greater statistical weight of triplet
states) and hence would explain why the He(2 1 s) contribution
is consistently low.
The question at this point is whether or not correlation
diagrams based on diabatic molecular orbitals should be
applicable in our energy range.

In analyzing resonant
charge exchange in He++He collisions, Lichten 30 states

that his treatment, employing quasiadiabatic molecular
orbitals in terms of an impact parameter model,has
validity at ion velocities of 0.1 to 1 a.u. {corresponding
to incident energies of 1 to 100 keV for He+).

In

discussing molecular orbitals for the electron promotion
model Barat and Lichten 32 do not give a range of validity
for the incident

velocity~

however, the many similarities

discussed above between our results and the predictions
·
d 1agram
·
·
b y B ara t et al.
g1ven
b ased on t h e correlat1ons

11

imply that the model may be applicable to He++He collisions
at ion energies up to 80 keV.

On the other hand, the
3
1
dissimilarities in our results for the He(2 P) and He(2 P)
states indicate that the model is not sufficient for
describing collisions in the energy range.

This is

strikingly demonstrated by measurements carried out with
33
our apparatus on Li++He collisions , which show definite
excitation of the He(2 1 s) state at incident energies down

75

to a 15 keV, while the correlation diagram of Francois
34 for th
e t al.
e L1.+ +He system does not indicate any simple
excitation mechanism for the He(2 1 s) state.
Among other approaches to the analysis of angular
scattering data is the semi-classical treatment of Smith, 29
which can be used to obtain the interaction potential for
a given process from plots of p vs
and T=ES.

where p = esine~~(e)

T,

Figures 16-18 show plots of

elastic, He(n=2), and He+(n=2) data.

vs T for our

p

A detailed analysis

is beyond the scope of this paper, but in each case one
could draw a common curve within the error bars (not shown)
of most of the points.
From the data of Barat et al.

ll

and Lorents and

Aberth 8 we calculated values of p in our range of

T

for

energies of 0.6, 2.0, and 3.0 keV.

p

vs.

The values of

T

for the elastic scattering data of Lorents and Aberth at
0.6 keV are generally higher than our values, shown in Fig.
16, but several of the points are well within our error
bars.

The data of Barat et al. were given in relative units,

so that only the shape could be compared with our data.
For the elastic peak the shape of

p

vs.

T

calculated from

their data, as well as from the data of Lorents and Aberth,
is similar to the shape of our plots given in Fig. 16 if
one averages out the oscillations which they observe.
However, for the inelastic processes, the values of P
calculated from the data of Barat et ·a l. at 2 and 3 keV
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Figure 16.

Plots of p vs.

T

for the elastic peak.
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Figure 17.

Plots of
peak.

p

vs.

T

for the He(n=2) excitation
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Figure 18.

Plots of p vs.
peak.

T

for the He+(n=2) excitation
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reach maxima at 5 to 7 keV-deg for the He(n=2) peak
and at 7 to 11 keV-deg for the He+(n=2) peak, while
our data reach maxima at approximately 2 keV-deg.

This

might mean that a different excitation mechanism dominates
at low energies, despite the similarities discussed
above between our data and the predictions of McCarroll
and Piacentini.
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VI.

CONCLUSION

The angular scattering apparatus has proven successful
in most respects.

The measurements of the angular dependence

of the excitation processes are the only data available in
this energy range and, in fact, the only measurements at
energies above 1 keV with sufficient energy resolution
to separate the He(n=2) states.

It would be interesting

to extend our work to larger angles, but the experiment was
very difficult and time-consuming as it was, due primarily
to the relatively low cross sections involved and to the
necessity of obtaining several spectra at every angle and
energy in order to have reliable statistics.

In view of

the difficulties, the uncertainties in our data are not
unreasonable for excitation cross section measurements.
While the present method of measuring total cross sections
has several drawbacks, it has served to indicate the importance of angular scattering for the He+ + He system in
our energy range.
Several modifications are already in progress in
order to extend the capabilities of the apparatus.

The

first is the replacement of the exit collimator of the
scattering chamber with a quadrupole lens followed by another
set of vertical and horizontal slits.

The lens is expected

to increase the angular acceptance of the detection system
by at least an order of magnitude, so that total cross
sections can be measured by detecting all of the scattered
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current in one spectrum.

The removable slits are smaller

than the present aperture of the exit collimator and will
be useful in precisely measuring and perhaps limiting the
angular acceptance of the detection system for future angular studies.

A new analyzer is being built which should

increase the dynamic range of the apparatus, making it
possible to obtain reliable measurements at larger angles.
Finally, the resistor strings on the deceleration
and acceleration columns, which have limited the energy
range in the present experiment, are being replaced, so that
in the future it will be possible to extend the energy range
above 200 keV.
More modifications could be made, particularly on
the scattering chamber in order to determine or limit the
angular divergence of the incident beam, but it .seems
advisable to do so without seriously interrupting the use
of the present apparatus.

The amount of information

available from these experiments and the lack of data on
inelastic collisions in this energy range indicate the value
of studying many other collision systems with the apparatus.
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